Menopause is an age-dependent physiological condition associated with a natural decline in oestrogen levels, which causes a progressive decrease of muscle mass and strength and bone density. Sarcopenia and osteoporosis often coexist in elderly people, with a prevalence of the latter in elderly women. The profound interaction between muscle and bone induces a negative resonance between the two tissues affected by these disorders worsening the quality of life in the postmenopausal period. It has been estimated that at least 1 in 3 women over age 50 will experience osteoporotic fractures, often requiring hospitalisation and long-term care, causing a large financial burden to health insurance systems. Hormonal replacement therapy is effective in osteoporosis prevention, but concerns have been raised with regard to its safety. On the whole, the increase in life expectancy for postmenopausal women along with the need to improve their quality of life makes it necessary to develop specific and safe therapeutic strategies, alternative to hormonal replacement therapy, targeting both sarcopenia and osteoporosis progression. This review will examine the rationale and the effects of dietary protein, vitamin D and calcium supplementation combined with a specifically-designed exercise training prescription as a strategy to counteract these postmenopausal-associated disorders.
Introduction
Sarcopenia was firstly described at the end of the twentieth century by Rosenberg as a degenerative depletion in muscle mass [1] associated with age. It also involves the loss of muscle functionality leading to mobility restriction, functional impairment and physical disability [2] and finally loss of independence and reduced quality of life.
Even though there is still heterogeneity in diagnostic criteria and modalities to detect sarcopenia, the most used is the definition adopted by the European Working Group on Sarcopenia in Older People (EWGSOP) [3] . The group recommended, for the diagnosis of sarcopenia, that low muscle mass should be associated with low muscle function (defined as strength and performance) and proposed an algorithm for case finding in older individuals based on measurements of gait speed, grip strength and muscle mass. They also described measurement tools and specific age/gender cut off points to distinguish between presarcopenia, sarcopenia and severe sarcopenia [3] . Afterwards, the best strategies to counteract sarcopenia. Resistance exercise is a trigger for muscle protein synthesis and can work in synergy with adequate protein intake [24] .
In the elderly vitamin D deficiency often occurs and it is associated with sarcopenia, bone loss and disability. Vitamin D is highly interconnected with phosphate and calcium metabolism, as first demonstrated by Harrison and Harrison in 1961 [25] . The 1,25-dihydroxyvitamin D, D (1,25(OH)2D) the active metabolite of vitamin D, also known as calcitriol, increases intestinal phosphate absorption enhancing the expression of type 2b sodium-phosphate co-transporter [26, 27] . Moreover, a deficiency of phosphate stimulates 1α-hydroxylase to convert vitamin D to calcitriol, which in turn stimulates phosphate absorption in the small intestine. Furthermore, calcitriol can also induce the secretion of Fibroblast-like growth factor-23 by osteocytes in bone, which lead to phosphate excretion in the kidney [28] , as well as feedback on vitamin D metabolism. Since vitamin D is responsible for adequate intestinal absorption of calcium and phosphate, it maintains appropriate circulating concentrations of these minerals, which enable normal mineralization of the bone contributing to muscle health. Thus, adequate intake of calcium and vitamin D, associated with a correct lifestyle, is suggested during aging [29] .
On the whole, the increase in life expectancy for postmenopausal women along with the need to improve their quality of life makes it necessary to develop specific therapeutic strategies, in association with HRT or as an alternative to it. Here we discuss the effect of protein intake, vitamin D supplementation, physical activity and of their synergistic administration in maintaining musculoskeletal health in postmenopausal women.
Mechanisms Involved in Muscle and Bone Loss in Postmenopausal Women
One of the most responsive pathways involved in musculoskeletal health is the Mammalian target of rapamycin (mTOR), involved in several anabolic processes in skeletal muscle [30] . mTOR is an evolutionarily conserved serine/threonine kinase known to play critical roles in protein synthesis. A better understanding of mTOR signalling in the maintenance of skeletal muscle mass might favour the development of mTOR-targeted treatments to prevent muscle wasting with particular attention at the healthy muscle in postmenopausal women conditions [31] . A well-known upstream stimulator of mTOR in skeletal muscle is insulin-like growth factor 1 (IGF-1), recognized as indispensable for muscle growth and regeneration [32] [33] [34] IGF-1 binds to the IGF-1 receptor (IGF1-R), a receptor tyrosine-kinase and subsequently recruits insulin receptor substrate-1. The specific role of each IGF-1 isoform and their post-translational modifications [35] must be taken into consideration for their effect in the proper tissue or microenvironment context. Furthermore, IGF-1 is directly involved in mitogenesis and neoplastic transformation, suggesting that this signalling pathway plays an important role in cancer promotion. IGF-1-therapeutic strategies must be viewed in the appropriate tissue context and in function of the IGF-1 circulating level and depending on IGFBP availability.
In women, the age-related decline of skeletal muscle mass and strength accelerates with the beginning of menopause. Oestrogen signalling of muscle satellite cell activation and proliferation is mediated via oestrogen receptor-alpha (ERα) placed on skeletal muscle and activates several signalling pathways including IGF-1 signalling, nitric oxide signalling or activation of the phosphor-inositide-3 kinase/protein kinase B (Akt) pathway which then act to positively influence muscle satellite cells and promote protein synthesis [31] . Recent investigations demonstrated that IGF-1 and its receptor IGF1-R were not necessary for the induction of hypertrophy and the activation of Akt/mTOR in mechanical loading [36] . The expression of dominant negative (DN)-IGF-1 receptor specifically in skeletal muscle promoted muscle hypertrophy using an increased functional overload model induced by synergistic ablation [36] . Of notice, DN-IGF-I receptor-expressing muscle showed a comparable level of Akt and p70S6K1 activation. This data does not exclude an alternative upstream mediator for IGF1-R that could regulate Akt/mTOR signalling in skeletal muscle hypertrophy. In women, recent studies showed that the expression of IGF1-R in skeletal muscle cells increased in postmenopausal period after oestrogen replacement [37] . Moreover, it is known that oestrogen has an anabolic influence on muscle stimulating IGF-1R [38] . ERs are also expressed in human muscles [39] . In this regard, Wiik et al. have described the form of ERα and ERβ in both myonuclei and capillaries [40] . Their expression and distribution in muscle fibres appear greater in men, women and children, compared to postmenopausal women [40] . Notably, ERs can be also activated through IGF-1 that acts in stimulating their transcriptional activity [41] . Indeed, ERs could take part in muscle strength increase through the effect of both oestrogen and IGF-1. Despite that, both oestrogen and IGF-1 reduced at menopause, probably affecting muscle mass and strength.
Accordingly, estradiol plays an important role in the morphological muscle status increasing translocation of the glucose transporter, GLUT-4 to the plasma membrane through Akt pathway. Indeed, it causes an increase of myogenin and myosin heavy chain levels, which are important in skeletal muscles remodelling [42, 43] . Estradiol also induces the Akt phosphorylation in myoblasts and its administration in postmenopausal women up-regulates the expression of mTOR genes [44] . As known, muscle wasting occurs when catabolic states overcome anabolic states. Sex hormones (i.e., androgens and oestrogen) play different roles in muscle mass maintenance and their decrease during aging negatively affects musculoskeletal health. Testosterone promotes an anabolic state activating protein synthesis and muscular regeneration through the androgen receptor, expressed in mesenchymal stem cells, satellite cells and fibroblasts [45] . Furthermore, it acts increasing circulating and intramuscular IGF-1 [46] . The catabolic state is promoted by the ubiquitin-proteasome system (UPS), autophagy-lysosomal system and apoptosis. Myostatin and inflammatory cytokines promote Forkhead box O (FOXO) protein activation that induces UPS and autophagy-lysosomal systems. Oestrogen is likely to promote an anti-inflammatory and anti-catabolic influence on muscle, especially after exercise, even though a complete characterization of mechanisms is lacking [10] .
Several studies demonstrated an association between sarcopenia and osteoporosis, another age-related disease characterized by low BMD leading to bone tissue frailty and risk of fractures [16] , with a higher prevalence in women. Biomechanical and biochemical interactions in the musculoskeletal unit are of great importance in the regulation and maintenance of tissue function. As functional units, muscles and long bones adapt to respond to metabolic and mechanical demand in health and they deteriorate together with ageing because of the same biomechanical and biochemical link between these two tissues [47] . The 'mechanostat' theory of Frost states that bone adjusts itself to sustain strain in a physiological window [48] : bone formation occurs if a greater strain is requested (i.e., physical activity), while lower strains (i.e., inactivity) will promote bone resorption. Accordingly, there will be an increase or a decrease, respectively, in muscle mass. Alongside biomechanical coupling in the musculoskeletal unit, also biochemical communication should be considered in muscle-bone crosstalk since both muscle and bone act as endocrine organs secreting respectively "myokines" and "osteokines" [49] . Skeletal muscle releases several hundred proteins and peptides capable of influencing bone health. The myokine [50] and osteokine [51] irisin, for example, is increased by exercise and has anabolic effects on muscle [50] and on osteoblast lineage by enhancing differentiation and activity of bone-forming cells [52] . Also, myostatin-that is, a negative regulator of muscle growth and interleukin-6 (IL-6)-is reported to have effects on bone [53] . Furthermore, skeletal muscle expresses high levels of several microRNAs that can be delivered by exosomes [54] . Information regarding the endocrine and paracrine effects of muscle-derived exosomes is limited but they are likely to play a role also in bone [53] .
Also, tendons, ligaments, cartilage and connective tissue can affect muscle bone cross-talk [49] ; periosteum, that separates muscle and bone, is semi-permeable and molecules such as IGF-1, IL-5 and prostaglandin E2 could permeate this membrane [55] . Taking into account the tight connection between muscle and bone, maintaining healthy skeletal muscles (i.e., through adequate exercise and nutrition) can help in counteracting osteoporosis in postmenopausal women.
Oestrogen-based HRT has an important role in maintaining and enhancing muscle mass and strength and also in protecting against muscle damage. The benefits of oestrogen for the skeletal muscle coupled with their additional positive actions on bone and metabolic health in older females provide further incentives for HRT use to enhance overall health in postmenopausal women. HRT is associated with an improved contractile function and power in 50-65-year-old women [15] , while research is not conclusive in older, postmenopausal women. Analysing coronary heart disease and mortality, HRT showed many benefits in early observational data for use in younger healthy women (50-60 years) but age stratification revealed no benefit and increased harm in >60 year women, together with an increased breast cancer risk [56] . Recently the US Preventive Services Task Force recommended against the prevention of chronic condition in menopause using a combined oestrogen and progestin therapy and against oestrogen alone in postmenopausal women after hysterectomy [57] , due to well documented harmful effects. Marjoribanks et al., in a systematic review on long-term HRT for perimenopausal and postmenopausal women, concluded that even though HRT is effective in osteoporosis prevention, it should be recommended as an option only when the risk of disease is very high and no other strategy is available [58] . They suggest that the adoption of HRT, if necessary, should be short-termed, provided that there is no increased risk of cardiovascular and thromboembolic disease and of several types of cancer [58] . The disadvantages related to the menopause, however, are not always manifested all at the same time and in all women; in some it seems not to be completely, in others there are only some disturbances, in others, finally, these disadvantages occur together and can also be very evident and frustrating.
The risks associated with taking a pharmacological substitution therapy is much debated, but, in light of the most recent scientific acquisitions, menopause can be tackled by acquiring healthy habits that prevent the related disorders. Thanks to the better understanding of the causes, the ease of access to the diagnosis and the possibility of treatment before fractures occurrence today, a real prevention of both sarcopenia and osteoporosis and associated complications is possible. First of all, the fact is that muscle and bone health is a process that must develop throughout life in both males and females. Building a strong and healthy muscle-skeletal structure in childhood and adolescence can be the best defence. The further key steps that should be pursued at all ages for a successful prevention should consider: monitor a balanced diet rich in protein sources, calcium, magnesium and vitamin D that could interfere with anabolic mediators for both muscle and bone; practice exercise to enhance muscle strength, power output, neuromuscular activity and muscle mass; follow healthy lifestyles (avoiding alcohol, smoke and drugs) and, when appropriate, perform tests to define bone mineral density and possibly undergo appropriate treatment.
Exercise
Given the strict association between loss of muscle (namely, sarcopenia) and bone mass (namely, osteoporosis) that accompany aging, physical activity and exercise represent effective preventive and therapeutic strategies able to slow down sarcopenia progression and prevent/delay the onset of and treat, osteoporosis. Indeed, exercise has beneficial effects on muscle mass, muscle strength and physical performance [59] [60] [61] , which counteract the reduced ability to perform activities of daily living and the increased risk of musculoskeletal injuries related to sarcopenia [62, 63] . Exercise has also been shown to delay the onset of osteoporosis [64] [65] [66] and to improve balance [67] and muscular fitness [64] [65] [66] 68] thus it is generally regarded as the primary non-pharmacological treatment for the prevention of osteoporosis and fall-related fractures. Since menopause occurs approximately with the onset of sarcopenia, aging non-physically active postmenopausal women should switch as soon as possible to an active lifestyle to prevent osteoporosis, while those already osteoporotic should exercise regularly to improve bone health and reduce the risk of fractures. It is well known that exercise, particularly progressive resistance exercise training (RET), is effective in increasing muscle mass, strength and endurance. Specific recommendations and guidance to prescribe exercise to treat sarcopenia, which update and extend those of the American College of Sports Medicine (ACSM) to promote muscle hypertrophy, strength and power [69] , have recently appeared in literature [70] . Exercise that enhances muscle strength and mass also increases bone mass (i.e., bone mineral density and content) and bone strength of the specific bones stressed and may serve as a valuable measure to prevent, slow, or reverse the loss of bone mass in individuals with osteoporosis. Although further studies are still needed to determine optimal exercise prescription parameters for preventing osteoporosis and fractures [64] [65] [66] a recent consensus on physical activity and exercise recommendations for adults with osteoporosis [71] has stated the appropriateness of the current physical activity guidelines [68, 72] for those without spine fractures and has proposed safer exercise guidance and strategies for those with a history of vertebral fractures. The ACSM's framework for exercise prescription employs the so-called FITT-VP principle [73] , which reflects the frequency (F), intensity (I), time (T) and type (T) of exercise and its volume (V) and progression (P) over time, in an individualized exercise training program. A detailed description of the FITT-VP principle for each type of exercise i.e., aerobic, resistance, flexibility and balance-adapted to postmenopausal ageing women according to the abovementioned studies, is provided in the following tables (Tables 1-4) .
Literature put a strong emphasis on resistance training for all individuals with osteoporosis [71] and recommend moderate to high intensity RET to treat sarcopenia [70] . Therefore, since preventing the loss of -or increasing-muscle strength and endurance is a cross-cutting goal for both sarcopenic and osteoporotic postmenopausal women, emphasis on progressive RET has been proposed. As a consequence of this approach, in this population there is the need to account for daily protein intake and, even, timing of protein supplementation [74] . Modified from [69, 70, 72] . MET·min: metabolic equivalents (MET) of energy expenditure for a physical activity performed for a given number of minutes (min), calculated as MET × min; VO 2 R: oxygen uptake reserve, calculated as the difference between maximal oxygen uptake and resting oxygen uptake; HRR: heart rate reserve, calculated as the difference between maximal heart rate and resting heart rate; HR max : maximal heart rate; RPE: rate of perceived exertion, on the 0-10 scale. Avoid making absolute restrictions about amount of weight allowed, instead place emphasis on safe movement recommendations; avoid rapid, repetitive, weighted, or end-range flexion or rotation of the spine; avoid lifting from or lowering to the floor; avoid exercises to improve strength/endurance in "core" or "abdominal" muscles involving repeated flexion or rotation of the spine (isometric exercises, or holds are preferable). In individuals with a history of vertebral fracture a consultation with an exercise specialist/therapist with training in exercise prescription for osteoporosis is highly recommended (in the absence of such consultation, it may be advisable to limit resistance exercises to those that use body weight, the floor, or the wall to provide resistance)
Intermediate to experienced exercisers:
∼8 to 12 repetitions performed to task failure (i.e., ∼8 to 12-RM or >8 on the 0-10 RPE scale)
2-3 day·week −1 2 sets of 8-12 repetitions (no more than 8-10 exercises per session)
Modified from [69, 70, 72] . RPE: rate of perceived exertion, on the 0-10 scale; 1-RM: one repetition maximum, that is, the load that can be lifted one time only; multiple RM: the load that can be lifted no more than the specified times. 
Dietary Protein
Aged skeletal muscle possesses a reduced ability to respond to amino acid and insulin levels, leading to the concept of anabolic resistance, influenced by dietary protein digestion and amino acid absorption, plasma availability and hormonal response [75] . Moreau et al. reported differences in splanchnic protein metabolism during aging, with a maintained muscle protein synthesis (MPS), in a condition of an adequate rate of plasma levels of essential amino acids [76] . Alongside a reduced ability to use protein, a greater demand and a reduced intake are often present [22] . Chronic low-grade inflammation, that is often linked to oestrogen decrease and to visceral adipose tissue, favours proteolysis over synthesis and leads to an increased MPS demand [77] . Recommendations for dietary protein intake in general population with a moderate physical activity is 0.8 g of protein per kilogram of body weight per day [78] ; however, due to increased protein demand in healthy older people, the European Society for Clinical Nutrition and Metabolism has proposed a daily recommended amount of 1.0-1.2 g/kg body weight/day as optimal for a healthy older individual [79, 80] . Physical activity and exercise require a higher protein intake than sedentary condition [81] .
Data from the National Health and Nutrition Examination Survey (NHANES) showed that, despite recommendations, daily protein intake decreases in the elderly and at least 8% of women consume an insufficient amount of protein [82] . 35% of institutionalized elderly people do not reach the recommended daily allowance (RDA) [83] . Gregorio et al. analysed the association of dietary protein amount with physical performance in postmenopausal women [84] . A sample of 387 healthy women has been studied, revealing an average consumption of 1.1 g/kg body weight/day and a percentage of 25% of subjects resulted below the RDA: they reported that subjects within the low protein group possess an impaired upper and lower extremity functionality than those in higher consumption group and that subjects with higher BMI and fat/lean ratio often consume protein below the RDA [84] . It should be remembered that higher fat mass is associated with impaired muscle metabolism [85] and insulin resistance, which is recognised as precursor of frailty [86] .
Increased availability of amino acids has positive effects on muscle anabolism [87] improving lean body mass [88] . Protein intake also increases IGF-1 plasma concentration [89] , together with muscle mass and strength [90] . In addition to the bone anabolic effect of IGF-1, increased protein intake has also been shown to reduce bone resorption [91] ; furthermore, protein can act modifying calcitriol and intestinal calcium absorption, increasing bone health [92] . As explained, protein intake above RDA may be of benefits in postmenopausal women and Antonio et al. demonstrated the safety and effectiveness of three-fold higher dose in increasing lean mass, in both genders in association with resistance exercise [93] . In young women, the author also excluded a dangerous effect of high protein intake (more than 2.2 g/kg body weight/day for six months) on bone mineral content [94] .
The best daily frequency for consuming protein, that is, single versus fractionated intakes, is still under debate. Indeed, some studies reported that daily protein should be consumed in a single meal, since a protein pulse feeding was more efficient than protein spread feeding in improving protein retention [95] and increasing plasma postprandial amino acid concentrations [96] . However, Kim et al. [97] found no differences comparing the effect of protein distribution pattern on functional outcome and protein kinetics; other studies reported that within-day protein distribution was more efficient in improving protein synthesis [98] and was negatively correlated with frailty [99] . Finally, a more frequent consumption of meals containing 30-45 g of protein [100] or protein supplementation at breakfast and lunch [101] have been recently associated with better lean mass preservation in older people.
Several factors can influence postprandial MPS: in particular, muscle disuse as a consequence of sarcopenia or immobilization causes a decrease in basal metabolic rate and muscle strength [102] and dietary protein consumption fails to act in this pathological condition [103] . On the contrary essential amino acid induces an enhanced effect on MPS if ingested following a resistance training session [104] . The mechanism involved in exercise-improvement of dietary protein effect depends on an increased amino acid delivery to the muscle through blood flow [105] and on mTOR pathway activation (after resistance exercise), that lead to muscle mass enhancement if an adequate amino acid pool is present: notably, this process seems to be delayed in elderly [106] .
Alongside total protein amount and within-day protein distribution, quality of protein and their sources should be considered [107] in terms of essential amino acids and leucine content and of digestion/absorption kinetics. Pennings et al. [108] demonstrated that whey stimulates postprandial muscle protein accretion more effectively than casein and casein hydrolysate in older men, and attributed this effect to whey's faster digestion and absorption kinetics and to higher leucine content.
More recently, Zhu et al. demonstrated that in older postmenopausal well-nourished healthy women (70-80 years old) 30 g/day of extra protein did not improve the maintenance of muscle mass or physical function despite muscle deterioration in the upper limb. The authors attributed the lack of effects to the high habitual protein intake of women involved in this study, suggesting that protein intervention could be more effective in not well-nourished population. Furthermore, the intervention was not carried out in combination with resistance exercise, which has been demonstrated to improve protein effect [109] . Daly et al. reported that a protein-enriched diet equivalent to 1.3 g/kg body weight/day achieved through lean red meat consumption is safe and useful for enhancing the effects of resistance training on lean body mass and muscle strength and reducing circulating IL-6 concentrations in elderly women [110] . In this study, women were in a broader age range (60-90) and more than 40% had a history of HRT: these differences, in combination with training, could explain the discrepancies in muscle response.
Figueiredo Braggion et al. compared the effects of diets rich in vegetable protein versus animal protein in ovariectomized old female rats (a condition that may only mimic human menopause) in association or not with resistance training. They demonstrated that animal protein diet combined with training promoted muscle remodelling (reduction in type I and IIA fibres with an increase in type IIB fibres in medial gastrocnemius muscle, with increased collagen volume density) more efficiently compared to other conditions applied [111] . More importantly, a very recent human study showed that animal derived protein consumption, combined with physical activity, is positively associated with muscle mass and strength across ages in men and women [112] .
Milk is a high-quality protein source, able of increasing muscle synthesis to a similar extent that whey [113] and beef [114] . However, the proposed protein amount of protein/meal of 30 g would require the consumption of one litre of milk [115] ; for this reason, Orsatti et al. have recently proposed the addition of soy protein to milk to enhance the effect of resistance training in postmenopausal women muscle [116] . Soy represents a good alternative to animal products, even though it is less effective in promoting muscle protein synthesis than animal sources [117] , due to the high amount of isoflavones. Isoflavones are, in turn, often used as a natural alternative to hormone therapies and have been demonstrated to reduce the loss of bone mass and inflammation [118] that occur in menopause. Orsatti et al. observed that the addition of soy protein to milk, in association to resistance exercise, improves muscle strength but not muscle mass and attributed the latter to leucine content, that is lower with respect to the values suggested for maximizing protein synthesis [116] .
Besides the effect of global amino acid availability, specific amino acids such as leucine, glutamine and arginine can play an important muscle health effect. Leucine (an essential amino acid) supplementation has been proposed as a strategy to counteract anabolic resistance in older muscle since it acts as a signalling molecule able to activate mTOR and thus protein synthesis [119] . Also, Xia et al. suggested an increase of leucine consumption in the diet, together with concurrent training, to counteract sarcopenia associated with chronic low-grade inflammation, often present during menopause [77] . Glutamine and arginine can also differentially regulate mTOR [120, 121] . The nonessential amino acid glycine has anti-inflammatory and antioxidant properties and seems to promote the preservation of muscle mass. In a mice model of inflammation, glycine has been demonstrated to counteract anabolic resistance, since the improvement in leucine-stimulated protein synthesis was accompanied by higher phosphorylation status of mTOR, ribosomal protein S6 kinase and eukaryotic translation initiation factor 4E binding protein 1 compared with L-alanine-treated controls [122] .
Taken together, the above evidence suggests that postmenopausal women need an adequate protein intake, in association with exercise (according to the modalities described in Tables 1-4) to counteract sarcopenia and related bone loss.
Vitamin D
Vitamin D is known to significantly contribute to the regulation of calcium and phosphorus homeostasis and skeletal mineralization through endocrine effects on bone, intestine, parathyroid glands and kidney [123] . Vitamin D has both skeletal and extra-skeletal beneficial effects. There is growing evidence that vitamin D regulates many other cell functions and its potential effect on skeletal muscle mass and strength is receiving greater attention. The biological actions of vitamin D on muscle cell differentiation, metabolism and function may be multiple, acting through direct and indirect, genomic and non-genomic pathways.
Vitamin D can be cutaneous synthesized from 7-dehydrocholesterol ( [124] .
Serum 25(OH)D levels < 50 nmol/L are associated with increased bone turnover, bone loss and possibly mineralization defects and poorer outcomes for frailty, hip fracture and all-cause mortality [29] ; furthermore, it may exacerbate osteoporosis in elderly or postmenopausal women by increasing the rate of bone turnover. Aging decreases the capacity of human skin to produce vitamin D, in particular, 7-DHC concentration, the precursor of vitamin D, declines in the elderly [125] . During aging, the combined effect of a decline in intestinal calcium absorption, in the ability of the kidney to synthesize calcitriol and an increase in its catabolism contributes to age-related bone loss [123] . In addition, with aging there is a defect in 1 α hydroxylation [123] .
High levels of dietary calcium intake and/or calcium supplements can significantly improve bone mineral content and density in postmenopausal women, however, some studies suggest that calcium supplements alone may not be sufficient to reduce fracture risk and that additional vitamin D supplementation is required; calcium, in combination with vitamin D supplementation, reduces the risk of fragility fractures and increases the survival in the elderly [126, 127] .
Furthermore, an increased level of calcium intake during the period of childhood and adolescence can lead to a reduction in the risk of osteoporosis during old age and post menopause [128] .
Vitamin D has a pivotal role in the regulation and uptake of calcium in muscle cells, promoting protein synthesis and calcium and phosphate transport in muscle, which is important for muscle strength and contractile activity. Vitamin D appears to optimize the effect of dietary protein on skeletal muscle anabolism [29] . Both direct and indirect effects of vitamin D seem to play a role in muscle functionality, although most of them are attributed to the concomitant hypocalcaemia and hypophosphatemia [128] . Vitamin D plays a key role in regulating calcium-dependent functions of muscle, such as contraction, mitochondrial function and insulin sensitivity [128] . Loss of muscle mass is related to vitamin D deficiency [129, 130] . The mechanisms by which vitamin D affects muscle strength and function have not yet fully clarified but are likely mediated by the vitamin D receptor (VDR); VDR and 1-alpha hydroxylase are both expressed in muscle tissue [131] .
The presence of nuclear VDRs in muscle tissue suggests that vitamin D acts on muscle via a genomic transcriptional effect. Mechanistically, it has been suggested that 1,25-dihydroxyvitamin D binds to the nuclear VDR in muscle resulting in de novo protein synthesis [132] . Salles et al. have reported an anabolic effect of vitamin D in murine C2C12 myotubes through an increased insulin receptor and VDR mRNA expression [133] . Both the transcriptional induction of these genes and the enhancement of the insulin and leucine action on the related protein is one of the cardinal processes of vitamin D effect on skeletal muscle anabolism [133] .
Furthermore, vitamin D signalling via VDR regulates gene transcription and activates further intracellular signalling pathways involved in calcium metabolism and it has been suggested to be involved in myoblast proliferation and differentiation [134] . Proximal myopathy (proximal weakness), characterizes patients with VDR-dependent rickets, an evidence arisen from studies in either older or younger populations [128] . Additionally, VDR-knockout mice are characterized by abnormal muscle morphology/physical function, while VDR polymorphisms have been associated with differences in muscle strength [135] . Muscle and bone VDR and 1-alpha hydroxylase expression decrease with aging [131, 136, 137] and it might be involved in intramuscular inflammation, since it has been associated with an increase of IL-6 and TNF-alpha levels in human skeletal muscle [138] . This process leads to the inhibition of muscle protein synthesis, to skeletal muscle apoptosis [139] and increased differentiation of myogenic precursor cells into adipocytes [140] . Recently, several authors have demonstrated that vitamin D supplementation can modulate VDR expression [131] . From a pathogenic point of view, reversible atrophy of type II muscle fibres and fatty infiltration of skeletal muscles have been reported in patients with vitamin D deficiency [131, 141] . In younger adults, serum 25(OH)D concentration is inversely related to muscle fat infiltration, independently from body mass index and physical activity [142] . Such changes in muscle lipid content may have important implications for musculoskeletal function. Hence, since low vitamin D status is common in many elderly populations [143] , attention should be paid to the potential therapeutic benefits of its supplementation. To this regard, European guidance for the diagnosis and management of osteoporosis in postmenopausal women recommends a daily intake of at least 1000 mg/day for calcium, 800 IU/day for vitamin D and 1 g/kg body weight of protein for all women aged over 50 years [29] . On the whole, vitamin D deficiency is associated with a loss of muscle mass and strength in elderly people and with a decline in physical performance. A nutritional intervention of vitamin D and amino acid supplementation could be a strategy to support muscle protein availability and synthesis in sarcopenia condition.
Conclusions
Osteoporosis and sarcopenia are two disorders affecting elderly people; their increasing incidence, due to the longer life expectancy in most western countries, might become an uncontrolled clinical and financial burden in the next few years. Early diagnosis, prevention and treatment of these disorders represent a very current but actually unmet, social and medical need. The evidence of profound interactions between bone and muscle causes a sort of negative resonance between the two tissues when they are simultaneously affected by osteoporosis and sarcopenia, respectively. Indeed, the coexistence of this twin condition in ageing leads to an accelerated worsening of the quality of life, poor clinical perspectives and high utilization of health resources. Due to the age-and/or gender-associated prevalence of sarcopenia and osteoporosis, postmenopausal women are potentially more prone to such a joint clinical situation. Nutritional and lifestyle factors may positively affect muscle and bone mass and function and have the advantage to be cheap and safe. To this regard, protein, vitamin D and calcium supplementation combined with a specifically-designed training protocol, emphasizing progressive RET, are capable of directly targeting some of the major physio-pathological causes of the twin condition progression and could simultaneously and coherently delay or revert the vicious cycle leading to the reciprocally-induced deterioration and wasting of osteoporotic bone and sarcopenic muscle (Figure 1) . emphasizing progressive RET, are capable of directly targeting some of the major physiopathological causes of the twin condition progression and could simultaneously and coherently delay or revert the vicious cycle leading to the reciprocally-induced deterioration and wasting of osteoporotic bone and sarcopenic muscle (Figure 1) . The medical and social relevance of strategies alternative to HRT targeting both sarcopenia and osteoporosis progression based on a female-specific rationale would be invaluable. To this regard, the development of controlled and selected protein and vitamin D supplementation regimens in combination with specifically-designed exercise training protocols may represent a cheaper and safer alternative to oestrogen replacement therapies. The medical and social relevance of strategies alternative to HRT targeting both sarcopenia and osteoporosis progression based on a female-specific rationale would be invaluable. To this regard, the development of controlled and selected protein and vitamin D supplementation regimens in combination with specifically-designed exercise training protocols may represent a cheaper and safer alternative to oestrogen replacement therapies.
